Background: Liver fat and visceral adiposity are involved in the development of the metabolic syndrome (MetS). Ectopic fat accumulation within and around the heart has been related to increased risk of heart disease. The aim of this study was to explore components of cardiac steatosis and their relationship to intra-abdominal ectopic fat deposits and cardiometabolic risk factors in nondiabetic obese men.
O
besity is a worldwide epidemic associated with excess cardiovascular deaths (1) (2) (3) . Recent data highlight that central obesity has deleterious consequences on cardiovascular health (4) . The inability of adipose tissue to expand and to store fat results in lipid overflow to other organs in the setting of excess caloric intake and physical inactivity. Metabolically deleterious and life-threatening forms of obesity associate with an excess accumulation of fat in the visceral adipose tissue (VAT) and with ectopic fat deposition in organs that usually contain minor amounts of fat, such as skeletal muscle, liver, pancreas, and heart (5, 6) . This aberrant fat accumulation strongly correlates with unfavorable metabolic profile comprising insulin resistance, dyslipidemia, and the development of a chronic inflammatory state (7) . Thus, the site of fat accumulation seems to have important metabolic implications with respect to rates of cardiovascular morbidity and mortality and has raised the concept of healthy vs unhealthy obesity.
Proton magnetic resonance spectroscopy ( 1 H MRS) has become the gold standard to quantitate liver fat content. Recently, 1 H MRS has been tested as a valid and reproducible technique for noninvasive measurement of myocardial triglyceride (TG) content in humans (8, 9) . This technique has revealed also that myocardial TG is a component of ectopic fat depots and a cardiometabolic risk marker. Thus, myocardial TG content is reported to be higher in obesity (10) , in subjects with impaired glucose tolerance (11) , and in persons with type 2 diabetes mellitus (12, 13) . Elevation of myocardial fat has detrimental metabolic consequences, including impaired lipid oxidation, oxidative stress, and mitochondrial defects (14 -16) . This cardiac lipotoxicity is considered to reflect the deleterious effects of the accumulation of lipid and other toxic products of free fatty acid metabolism within myocardial tissue. Data accumulating from animal studies have provided consistent evidence that cardiac lipotoxicity impairs left ventricular (LV) function and promotes cardiac fibrosis and apoptosis (14, 15, 17) .
Hepatic lipid overloading is the hallmark of nonalcoholic liver disease, which is highly prevalent in obesity and associates strongly with visceral adiposity (18) . The coexistence of these ectopic fat depots associates with multiple cardiometabolic risk factors, including insulin resistance, hypertension, hyperglycemia, hypertriglyceridemia, reduced high-density lipoprotein cholesterol (HDL-C), and intra-abdominal obesity. This constellation of metabolic abnormalities has been nominated as the metabolic syndrome (MetS) (19) , which is widely accepted as a practical tool to identify centrally obese persons at high risk. It should be noted, however, that the MetS as such does not exceed the risk associated with the individual components (20, 21) .
So far, limited information exists on the interrelationship between different ectopic fat depots and cardiac fat stores in the MetS subjects free of clinical cardiovascular disease. Therefore, the present study focused on different components of cardiac steatosis and their relationship to intra-abdominal ectopic fat deposits, including liver fat, and also on their association with a broad panel of cardiometabolic risk factors in nondiabetic men with and without the MetS.
Materials and Methods

Study population
A total of 77 men were recruited for the study by advertisements in local newspapers. Subjects were allocated into 2 groups (cardiometabolic risk factors present or absent, ie, with or without the MetS) based on the following criteria: 1) waist circumference (WC) Ն94 cm, and 2) having Ն2 abnormal findings as per the harmonized definition of the MetS (19) . Exclusion criteria included no known acute or chronic disease based on history, physical examination, and standard laboratory tests (blood counts, creatinine, aspartate aminotransferase [AST], alanine aminotransferase [ALT], thyroid-stimulating hormone), type 2 diabetes mellitus (based on a 2-h oral glucose tolerance test), significant alcohol consumption defined as more than 20 g per day, and treatment with lipid-lowering therapy except for statins. Only men were included because the hormonal status or use of contraceptives modify lipid metabolism in women. Elevated liver enzymes were allowed. Five subjects were receiving medications for hypertension; 3 subjects were receiving medications for dyslipidemia (statins), and 1 subject was receiving medications for both hypertension and dyslipidemia.
Thirty-seven participants fulfilled the criteria for the MetS. In these participants myocardial ischemia was excluded by means of adenosine stress magnetic resonance (MR) perfusion. The Helsinki University Central Hospital Ethics Committee approved the study design, and each subject provided written informed consent.
Demographic variables and biochemical investigations
Body mass index (BMI) was calculated by dividing weight in kilograms by height in meters squared (kg/m 2 ). WC was determined midway between spina iliaca superior and the lower rib margin. Blood pressure was measured by BPM-200 (Quick Medical, Snoqualmie, Washington) in the sitting position after a 5-minute rest and the mean of 5 measurements was recorded. The subjects were classified as present, past, or nonsmokers.
Blood samples were collected after overnight fasting. Total serum cholesterol, TG, very low-density lipoprotein cholesterol (VLDL-1) TG, HDL-C, free fatty acids, apolipoprotein A-I, apolipoprotein B, and high-sensitivity C-reactive protein (CRP) were automatically analyzed by Konelab analyzer 60i (Thermo Fisher Scientific Oy, Vantaa, Finland) with Konelab TM kits. The concentration of low-density lipoprotein cholesterol was calculated using the Friedewald formula (22) . Measurement of AST, ALT, creatinine, and thyroid-stimulating hormone was performed using standard laboratory techniques. Fasting and postload glu-cose were determined by the hexokinase method (Roche Diagnostic Gluco-quant, Mannheim, Germany) using either a Hitachi 917 or a Modular analyzer (Hitachi Ltd, Tokyo, Japan). Serum insulin concentration was assessed by double-antibody radioimmunoassay (Pharmacia RIA kit; Pharmacia, Uppsala, Sweden). The insulin-resistance homeostasis model assessment (HOMA) index was calculated using the following formula: (fasting plasma glucose ϫ fasting plasma insulin)/22.5 (23) .
Determination of myocardial and hepatic triglyceride content
Myocardial and hepatic TG content and fat depot volumes were measured and cardiac imaging was performed with a 1.5-T (MAGNETOM Avanto; Siemens AG, Erlangen, Germany) whole-body MR imager. For measuring myocardial TG content, the spectroscopic volume of interest was positioned within the interventricular septum using the end-systolic cardiac cine images in 3 planes. A carefully positioned standard flex-coil was used for signal reception. The localizer images and spectroscopic data acquisition were double-triggered to end-exhalation and end-systole, using Prospective Acquisition Correction navigator echoes (PACE, WIP-sequence, program version B17, Medical Solutions USA Inc, New York, New York) to control for respiratory movement and electrocardiograph-derived R wave to control for cardiac pulsation. Spectral localization and data collection were performed with the PRESS sequence with 35-ms echo time, while repetition time (TR) (TR Ͼ 3000 ms) did not fall below the respiratory cycle length. Navigator echoes were collected from the lung-diaphragm interface and the end-systole triggering was set at about 80% of the resting heart rate of the subject. Spectra were collected with and without water suppression, using 32 and 4 acquisitions, respectively. Spectra were analyzed with jMRUI v3.0 software (www.mrui.uab.es/ mrui/) (24) using the AMARES algorithm (25) to determine water (4.7 ppm), methylene (1.3 ppm), and methyl (0.9 ppm) resonance areas. The myocardial TG content was expressed as a ratio of fat to water (%). Relaxation was not corrected for as no reliable data are available for cardiac methylene T2 relaxation.
The measurement of hepatic TG content was performed as previously described (26) . The hepatic MRS data were collected using a standard body coil and liver spectra were analyzed with jMRUI v3.0 software (24) using the AMARES algorithm (25), as was done for the myocardial spectra. Areas of water signal (4.7 ppm) and methylene (1.3 ppm) were determined using a linefitting procedure. Hepatic TG content was calculated as methylene/(water ϩ methylene) signal area ϫ 100 and the values were further converted to mass fractions (27) . Nonalcoholic fatty liver disease was defined as hepatic TG content Ն5.56% of liver tissue weight (28) .
Determination of abdominal fat volumes
The distribution of VAT and subcutaneous adipose tissue (SAT) was measured using a series of 16 T1-weighted transaxial images acquired from a region extending from 8 cm above to 8 cm below the fourth and fifth lumbar intervertebral disks (26) , using a standard body coil for image acquisition. MR images were analyzed using SliceOmatic v4.3 (Tomovision, Montreal, Quebec, Canada) segmentation software. The areas of SAT and VAT were measured for each slice using a region-growing routine. The results were expressed as total volumes of SAT and VAT. We also calculated the VAT/SAT ratio as a metric of abdominal fat distribution (29) .
Cardiac MR imaging and LV analysis
For cardiac imaging a multichannel body coil was used for reception. Cine series were acquired in 4-chamber, 2-chamber, and LV short-axis orientations during breath-hold using a retrospectively electrocardiographically gated steady-state free precession gradient echo sequence. A stack of short-axis cine series (typically 12 slices) was acquired from base to apex covering the whole LV. Typical imaging parameters were TR/echo time/flip angle 50 ms/1.18 ms/69°, matrix 186 ϫ 220, field-of-view 355 ϫ 420 mm, slice thickness 8 mm, gap 2 mm, and temporal resolution 32-53 ms.
Volumetric analysis of the LV was scrutinized using dedicated postprocessing software (Argus; Siemens). LV ejection fraction (EF), mass, and end-diastolic volume were reported, and mass and end-diastolic volume were indexed to the subject's body surface area (BSA). LV mass was also indexed to height 2.7 (30) .
Determination of epicardial and pericardial fat
Segmenting the epicardial and pericardial fat planes is very time consuming and standardized measurement is challenging due to anatomical variety. In our preliminary data, epicardial and pericardial fat areas measured in a single 4-chamber-view slice showed good correlation with epicardial and pericardial fat volumes measured with conventional Simpson method covering both right and left ventricles in a stack of short-axis image slices (n ϭ 6, r ϭ 0.895, P Ͻ .02). Therefore we used epicardial and pericardial adipose tissue areas measured in a 4-chamber-oriented image to estimate the amount of epicardial and pericardial fat, a method also used by others (31) .
Epicardial fat is by definition the layer of adipose tissue between the myocardium and the visceral sheet of pericardium. This epicardial fat shows in MR as a high-intensity layer between the lower intensity myocardium and the low-signal-intensity visceral pericardium. In determining the area of the epicardial fat layer, all phases of the cine images were inspected and measure- ment was performed in the end-diastolic image using standard radiologic workstation (Impax 5.5 software; Agfa Healthcare, Mortsel, Belgium). Pericardial fat, which is a continuum of the thoracic or mediastinal adipose tissue outside the parietal pericardium, was measured in the same end-diastolic 4-chamberoriented image as epicardial fat (Figure 1 ).
Statistical analyses
All statistical analyses were performed with SPSS 19.0 for Windows (SPSS, Inc, Chicago, Illinois). Normality of continuous variables was analyzed by the Kolmogorov-Smirnov test. Logarithmic transformation of variables was performed, if necessary. Correlation analyses were adjusted for both age and smoking status. Data are presented as frequencies or percentages for categorical variables, as means Ϯ SD for normally distributed continuous variables, and as medians (range) for skewed variables. Between-group differences were assessed by the MannWhitney U test, unpaired t test, and the 2 test, as appropriate. To detect determinants of myocardial TG content, epicardial fat, pericardial fat, hepatic TG content, visceral fat, and VAT/SAT ratio univariate regression analyses were performed. Stepwise multivariable linear regression analyses were used to evaluate the impact of fat depots on individual cardiometabolic factors as dependent variables. To adjust for confounding, age was included in all models. A P value Ͻ.05 was considered statistically significant.
Results
The clinical and biochemical characteristics of the study population are summarized in Table 1 . Subjects with the MetS were older than those without the MetS. In the MetS group, 24 subjects had normal glucose tolerance, 4 had impaired fasting glucose, and 9 had impaired glucose tolerance. All individuals in the non-MetS group had normal glucose tolerance. There were more current smokers in the MetS group than the group without the MetS. Total cholesterol, low-density lipoprotein cholesterol, apolipoprotein B, high-sensitivity CRP, free fatty acids, AST, ALT, fasting glucose, fasting insulin, and the HOMA index were higher in individuals with the MetS compared with those without the MetS. The lipid profile showed robust differences between the 2 study groups. Most subjects with the MetS had elevated TGs (n ϭ 24; 65%) representing par- ticipants with hypertriglyceridemic waist. Notably, both TGs and VLDL-1 TGs were about 3-fold higher in the group with the MetS compared with the group without the MetS. As expected, BMI and WC were higher in subjects with the MetS than in those without the MetS. Visceral and subcutaneous fat masses were markedly higher in the group with the MetS being increased by 3.9-fold and 2.7-fold compared to the group without the MetS. In participants with the MetS the hepatic TG content was ϳ10-fold higher than in those without the MetS. Myocardial TG content was increased by 2-fold (P Ͻ .001). Similarly, the epicardial and pericardial fat were clearly higher in subjects with the MetS compared with subjects without the MetS. All study subjects had a normal LV EF. LV end-diastolic volume indexed to BSA was decreased in the MetS group compared with the group without the MetS (Table 1) .
Visceral fat correlated significantly with hepatic TG content as well as with WC and BMI. Although a significant correlation existed between hepatic TG content and VAT/SAT ratio, this was less strong than with visceral fat. Further analyses revealed that all components of cardiac steatosis correlated with subcutaneous and visceral fat masses, and hepatic TG content and the correlations seemed to be stronger with visceral fat than with subcutaneous fat or hepatic TG content (Table 2 and Figure 2) . The VAT/SAT ratio correlated with hepatic TG content, epicardial fat, and pericardial fat, but not as strongly as with visceral fat. The VAT/SAT ratio was not correlated with myocardial TG content ( Table 2) . Myocardial TG content, epicardial fat, pericardial fat, hepatic TG content, and visceral fat showed significant correlations with WC, BMI, HDL-C, TGs, VLDL-S TGs, plasma insulin, and the HOMA index. High-sensitivity CRP was linked to epicardial and visceral fat. The VAT/ SAT ratio showed moderate correlations with HDL-C and the HOMA index. LV end-diastolic volume as well as LV end-diastolic volume indexed to BSA correlated with epicardial fat, pericardial fat, hepatic TG content, visceral fat, and the VAT/SAT ratio. Only myocardial TG content was associated with LV end-diastolic volume indexed to BSA ( Table 2) .
Next we used stepwise multivariable regression analyses to evaluate the impact of fat depots on individual cardiometabolic risk factors. Visceral fat was an independent predictor of TGs, HDL-C, plasma glucose, plasma insulin, and the HOMA index, whereas age and subcutaneous fat were independent determinants of systolic and diastolic blood pressure (BP) ( Table 3) .
Discussion
To the best of our knowledge, this is the first study to use MR technology to examine cardiac steatosis by quantifying simultaneously all 3 cardiac fat stores as well as to relate these data to intra-abdominal fat depots, including liver fat also in a large nondiabetic group of abdominally obese men free of clinical cardiovascular disease.
The definition of MetS was used as a tool to identify obese subjects at high cardiometabolic risk in this study. We consistently found an ϳ2-fold elevation in myocardial and epicardial fat, respectively, and an ϳ3-fold elevation in pericardial fat depot in subjects with the MetS. The data show that myocardial TG content correlated with visceral fat, hepatic TG content, and multiple parameters of overall obesity. In multivariable regression analyses, visceral fat remained an independent predictor of TGs, HDL-C, plasma glucose, plasma insulin, and the HOMA index, whereas age and subcutaneous fat were independent de- terminants of systolic and diastolic BP. The association of multiple cardiometabolic risk factors with myocardial TG content, pericardial fat, and epicardial fat agrees with previous studies (32, 33) .
So far, most studies have measured either pericardial or epicardial fat depots because their quantification is technically easier than that of lipids in cardiomyocytes, the latter requesting a more sophisticated technique. Overall, both pericardial and epicardial fat depots associate with the amount of visceral fat that is increased in obesity, subjects with MetS, impaired glucose tolerance, and subjects with type 2 diabetes mellitus (32) . It should be recognized that the 3 cardiac sites differ in their capacity to accumulate fat with the pericardial site having the greatest capacity and cardiomyocytes having the lowest capacity. Thus, increase of cardiac fat depots in men with the MetS in context of visceral adiposity is not a surprising finding. In our cohort, the VAT/SAT ratio as a measure of organspecific fat distribution did not provide any clear benefits beyond visceral fat mass.
Our data confirm and expand the results by Gaborit et al (34) , who reported that epicardial fat volume and myocardial TG content were increased in individuals with the MetS. Notably, the 2 studies show differences in participants because the cohort of Gaborit et al (34) exhibited extreme obesity (BMI range, 33 to 52 kg/m 2 ), including only 18 subjects with the MetS, and reported no data on hepatic TG content. Our results expand previous observations of increased myocardial lipid accumulation in insulin-resistant states in subjects with impaired glucose tolerance and type 2 diabetes mellitus to abdominally obese men with cardiometabolic risk factors (10 -12) . All 3 cardiac fat depots showed broadly similar significant correlations with measures of apolipoprotein B containing lipoproteins, HDL-C, and parameters of glucose homeostasis. Visceral fat was an independent predictor of TGs, HDL-C, and measures of glucose metabolism, but subcutaneous fat was the determinant of BP parameters. The data highlight that visceral adiposity lies at the root of the systemic effects linked to ectopic fat depots quantified by MR technology, as proposed also by Després (18) . The inefficient storage capacity of SAT mass in the face of extra caloric intake results in excessive flow of free fatty acids into systemic circulation, driving the overload of free fatty acids into ectopic fat depots (18) . In this concept, expansion of visceral, pericardial, and epicardial fat depots represents visceral components and the preferential places to store excess dietary fats. Our data support the concept that visceral fat depot is indeed the priority site for excess fat storage. Moreover, pericardial and epicardial fat depots are interrelated with visceral fat and good markers of ectopic fat deposition. The constellation of these 3 fat depots is linked to the development of the cardiometabolic risk profile, including disturbances of both glucose and lipid metabolism. In addition, products (like cytokines) of epicardial fat can have local effects on myocardial metabolism.
The liver plays a central role in controlling lipid and free fatty acid metabolism. Notably, the liver is exposed to first-pass free fatty acids from visceral fat depot. Recognizing the strong correlation between visceral fat and hepatic TG content, it was not surprising that hepatic TG content showed a correlation with myocardial TG content. Likewise, McGavock et al (12) reported a modest correlation between hepatic and myocardial TG content. However, we did not find any correlation between myocardial TG content and epicardial or pericardial fat depots. This finding suggests that fat accumulation in cardiomyocytes may also be regulated by other factors than those linked to systemic fat depositions.
The study design does not allow us to evaluate the molecular mechanisms underlying cardiac steatosis. It should be recognized that lipid accumulation in cardiomyocytes reflects the imbalance between uptake and utilization of free fatty acids. Excessive uptake of free fatty acids by cardiomyocytes associates with accelerated fatty acid oxidation instead of glucose oxidation and may elicit lipotoxicity reflected as impaired cardiac function (17, 35) . Another source for increased lipid uptake by cardiomyocytes is the uptake of lipids from TG-rich lipoproteins mediated by VLDL receptor and lipoprotein lipase catalyzed hydrolysis of TGs (36, 37) . Recent data suggest a link between VLDL receptor expression and lipid droplets in human cardiomyocytes (37) . Interestingly, both concentrations of TG in serum and large VLDL-1 particles correlated with each cardiac fat depot and liver fat. We have previously reported that hepatic TG represents the driving force for VLDL assembly and secretion of large VLDL-1 particles (38) . This may explain in part the correlation between hepatic and myocardial TG content. If the oxidative capacity of mitochondria is exceeded, cardiac steatosis is ensued, compromising cardiac function. The objective of this report was not to examine the parameters of cardiac function in-depth; however, LV end-diastolic volume index was decreased despite comparable LV EF, suggesting diastolic dysfunction in subjects with the MetS. This is in agreement with previous reports (10, 13, 34) .
Study limitations
A limitation of the methodology in the study is the narrow range of myocardial TG content measured by 1 H MRS in healthy subjects, which has been reported to be less than or about 1% (8, 39) . In line with this, myocardial TG content was low in most lean subjects and this may underestimate its association with metabolic parameters as compared to pericardial fat. Both gender and age may influence the magnitude of cardiac steatosis, although the data are not consistent (33, 34) . Accordingly, only men were included in this study and the data were adjusted to age. However, recent reports have documented the increase of myocardial TG content in insulin-resistant obese women also (40) . Finally, this study has a cross-sectional design that limits our ability to infer any causality.
Conclusions
Our study is the first to investigate cardiac lipotoxicity in a large nondiabetic group of abdominally obese men. We conclude that visceral obesity is the best predictor of epicardial and pericardial fat in abdominally obese subjects. We suggest that all 3 depots comprise a common constellation in face of extra free fatty acid flux. Myocardial TG content may present a separate entity that is also influenced by other factors than the excess visceral obesity. Furthermore, longitudinal studies with a specific focus on parameters of cardiac function are needed to elucidate potential differences in organ-specific lipid accumulation in the setting of excess caloric intake.
